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Figure S1. Detailed analysis of metagenomic species clustering. A) Difference between mean between-cluster and 
within-cluster distance for different numbers of clusters. B-E) Abundance of all detected phyla in the cohort. Points 
where a phylum was not detected were removed from the plots. F-G) Comparison with 500FG cohort. MDS and t-SNE 
plots of Jensen–Shannon distance were based on MetaPhlAn2 species-level relative abundances.
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Figure S2. Top ten questionnaire variables associated with three microbiome clusters. Shown are P-values after 
the Cauchy test.



Figure S3. Increase in trained immunity and specific response upon BCG vaccination. A) Fold changes in 
cytokine expression after 2 weeks and 3 months versus baseline upon M. tuberculosis (M. tb) or S. aureus stimulation. 
B) Assignment of participants into clusters based on core MSP abundances was compared to fold-changes in IFN-γ 
expression upon S. aureus or M. tuberculosis stimulation 3 months after BCG vaccination.
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Figure S4. Clustering and quality control of serum metabolomic data. A total of 1,607 m/z peaks were identified by 
MS/MS and matched to at least one molecule in the Human Metabolome Database (HMDB). In case of multiple match-
es, the molecule with the least difference in reference and observed m/z was chosen. A) The distribution of molecular 
classes for measured molecules. B) Co-abundance clustering. Metabolite intensities were standardized to z-scores 
across subjects, and clusters were found by the K-means algorithm. As an m/z peak corresponds to multiple candidate 
molecules, we associated each cluster to the most prevalent molecular class in the cluster. C) Number of clusters (20) 
was selected such that the clusters show maximal correspondence with the molecular classes as measured by the 
Adjusted Random Index (ARI). The clustering was repeated 50 times for each number of clusters of K with different 
random initializations. D) Canonical correlation analysis (CCA) between 345 microbial species and 1,607 metabolites. 
Asterisks show significant increase in explained variance of each component compared to null distribution on randomly 
shuffled data (1,000 shuffles, *P < 0.1, **P < 0.01, ***P < 0.001). E) Top 25 canonical components projected with t-SNE, 
with significant MSPs highlighted, and metabolite classes.
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Figure S5. Associations between short-chain fatty acids (SCFAs) acetate and propionate with cytokine respons-
es and MSP abundances. A-B) Associations with acetate and propionate with A) trained immunity and B) specific 
response. The log-linear model was applied with log-scaled metabolite intensities as covariates and multiple cytokine 
expressions as response variables. P-values represent significance of association per metabolite. C) Spearman correla-
tion coefficients between immunomodulatory MSPs and SCFAs.
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Figure S6. Encoders of butyrate kinase enzyme. A) Gene predictions by Prodigal annotated to the branched-chain 
carboxylic acid kinase (K00929), the last step in microbial butyrate production. B) Significant MSPs associated with 
trained immune responses subject to FDR < 0.2 and prevalence >20%, adjusted for age and sex (Methods). MSPs 
encoding a butyrate kinase gene are marked in black. C) MSP 030 (Coprococcus) and D) MSP 213 (Coprococcus 
comes) abundance versus cytokine expression upon S. aureus stimulation in the two subsequent time points after 
vaccination. Relative abundance of the MSP was converted to ranks, and ranks were sorted into bins by equal-frequen-
cy binning. 
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Figure S7. Complete phylogenetic tree of MSPs stratified 
by most likely phylum-level annotation. Only core genes 
were used for the alignment with the PhyloPhlAn 3 tool.  MSP 058 Gemmiger formicilis
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MSP 150 Lachnospiraceae bacterium 6_1_37FAA
MSP 081 Ruminococcus torques

MSP 039 Ruminococcus gnavus
MSP 328 Clostridiales bacterium VE202−21

MSP 155 Ruminococcus lactaris

MSP 046 Eubacterium rectale
MSP 088 Eubacterium rectale

MSP 148 Roseburia faecis
MSP 002 Roseburia faecis

MSP 137 Roseburia inulinivorans
MSP 051 Roseburia hominis

MSP 032 Roseburia sp. 831b
MSP 112 Roseburia

MSP 080 Butyrivibrio crossotus
MSP 275 Dorea longicatena

MSP 247 Lachnospira pectinoschiza
MSP 224 Lachnospira

MSP 053 Eubacterium eligens

MSP 083 Lachnospira pectinoschiza

MSP 344 Clostridiales bacterium VE202−21
MSP 056 Clostridium

MSP 272 Blautia
MSP 290 Eubacterium ramulus

MSP 166 Clostridiales bacterium KLE1615

MSP 209 Roseburia

MSP 135 Blautia

MSP 255 Eubacterium hallii
MSP 214 Eubacterium hallii

MSP 110 Anaerostipes hadrus
MSP 116 Anaerostipes hadrus

MSP 106 Catenibacterium mitsuokai
MSP 249 Anaerotruncus sp. Marseille−P4302

MSP 179 Holdemanella biformis
MSP 090 Holdemanella biformis

MSP 192 Holdemanella biformis

MSP 308 Faecalitalea cylindroides
MSP 168 Merdibacter massiliensis

MSP 341 Firmicutes
MSP 265 Firmicutes

MSP 307 Firmicutes
MSP 296 Firmicutes

MSP 301 Bacillus

MSP 258 Streptococcus salivarius
MSP 076 Streptococcus thermophilus

MSP 231 Lactobacillus delbrueckii

MSP 198 Megasphaera elsdenii
MSP 052 Dialister invisus
MSP 212 Dialister succinatiphilus

MSP 177 Dialister succinatiphilus
MSP 324 Dialister

MSP 105 Megasphaera sp. BL7
MSP 146 Dialister
MSP 167 Dialister

MSP 241 Phascolarctobacterium
MSP 190 Phascolarctobacterium succinatutens

MSP 201 Phascolarctobacterium

MSP 147 Acidaminococcus intestini

MSP 094 Megamonas funiformis
MSP 157 Mitsuokella jalaludinii

MSP 178 Mitsuokella multacida

MSP 257 Blautia sp. SF−50

MSP 131 Anaerosporomusa
MSP 316 Firmicutes

MSP 287 Firmicutes
MSP 156 Asaccharospora

MSP 103 Alistipes

MSP 122 Intestinimonas
MSP 160 Oscillibacter

MSP 098 Oscillibacter
MSP 331 Flavonifractor

MSP 237 Oscillibacter
MSP 099 Flavonifractor

MSP 222 Oscillibacter
MSP 197 Intestinibacillus
MSP 262 Agathobaculum

MSP 159 Pseudoflavonifractor
MSP 315 Firmicutes

MSP 082 Oscillibacter
MSP 323 Firmicutes

MSP 069 Flavonifractor

MSP 187 Oscillibacter
MSP 136 Oscillibacter

MSP 239 Oscillibacter
MSP 215 Oscillibacter sp. ER4

MSP 165 Oscillibacter

MSP 139 Oscillibacter
MSP 132 Oscillibacter

MSP 096 Oscillibacter
MSP 161 Oscillibacter

MSP 309 Flavonifractor

MSP 043 Flavonifractor plautii
MSP 320 Flavonifractor plautii

MSP 254 Oscillibacter sp. KLE 1745

MSP 284 Butyricicoccus porcorum

MSP 289 Eubacterium
MSP 182 Eubacterium

MSP 172 Gemmiger formicilis

MSP 311 Prevotella copri

MSP 185 Bacteroides clarus
MSP 054 Parabacteroides merdae

MSP 022 Parabacteroides distasonis

MSP 210 Barnesiella

MSP 223 Bacteroides
MSP 158 Bacteroides

MSP 068 Prevotella sp. 885
MSP 060 Barnesiella sp. An22
MSP 327 Muribaculum

MSP 142 Barnesiella intestinihominis
MSP 014 Bacteroides thetaiotaomicron

MSP 313 Prevotella

MSP 144 Prevotella sp. MGM2
MSP 123 Prevotellamassilia timonensis
MSP 151 Prevotellamassilia timonensis

MSP 084 Paraprevotella clara

MSP 089 Prevotella sp. P4−51
MSP 256 Prevotella

MSP 283 Prevotella

MSP 050 Prevotella copri

MSP 303 Prevotella copri

MSP 282 Prevotella
MSP 128 Prevotella copri

MSP 240 Prevotella copri

MSP 001 Prevotella copri

MSP 061 Prevotella copri

MSP 243 Prevotella sp. Marseille−P4119
MSP 250 Prevotella sp. P4−119
MSP 129 Prevotella sp. 885

MSP 188 Prevotella stercorea
MSP 130 Prevotella stercorea

MSP 145 Prevotella sp. P3−122

MSP 174 Prevotella sp. 109
MSP 310 Prevotella lascolaii

MSP 138 Prevotella sp. P5−125

MSP 038 Prevotella

MSP 295 Prevotella

MSP 074 Bacteroides fragilis
MSP 266 Alistipes senegalensis
MSP 015 Bacteroides cellulosilyticus

MSP 023 Bacteroides eggerthii
MSP 164 Bacteroides clarus

MSP 009 Bacteroides stercoris
MSP 003 Bacteroides uniformis

MSP 031 Bacteroides intestinalis
MSP 024 Bacteroides caccae

MSP 204 Bacteroides faecis
MSP 225 Bacteroides coprophilus

MSP 322 Bacteroides mediterraneensis
MSP 047 Bacteroides sp. Marseille−P3208T

MSP 007 Bacteroides vulgatus
MSP 019 Bacteroides coprocola

MSP 028 Bacteroides massiliensis
MSP 004 Bacteroides ovatus

MSP 133 Bacteroides dorei

MSP 010 Bacteroides plebeius
MSP 006 Bacteroides vulgatus

MSP 048 Alistipes putredinis
MSP 092 Alistipes obesi

MSP 049 Alistipes finegoldii
MSP 026 Alistipes finegoldii

MSP 073 Alistipes shahii
MSP 070 Alistipes sp. An54

MSP 087 Alistipes sp. An31A

MSP 095 Tidjanibacter massiliensis
MSP 264 Alistipes indistinctus

MSP 274 Bacteroidetes
MSP 267 Bacteroidetes

MSP 228 Prevotella
MSP 027 Bacteroidetes

MSP 125 Prevotella

MSP 326 Gordonibacter

MSP 181 Eggerthella lenta

MSP 263 Adlercreutzia equolifaciens
MSP 202 Slackia

MSP 194 Adlercreutzia

MSP 261 Slackia
MSP 281 Senegalimassilia

MSP 207 Enterorhabdus

MSP 206 Enorma massiliensis
MSP 220 Collinsella intestinalis

MSP 273 Collinsella bouchesdurhonensis

MSP 221 Libanicoccus massiliensis
MSP 279 Olsenella

MSP 271 Olsenella urininfantis

MSP 059 Bifidobacterium longum

MSP 117 Bifidobacterium catenulatum
MSP 072 Bifidobacterium bifidum

MSP 067 Bifidobacterium adolescentis
MSP 171 Bifidobacterium pseudocatenulatum

MSP 107 Bifidobacterium angulatum

MSP 216 Bifidobacterium animalis

MSP 232 Proteobacteria
MSP 242 Proteobacteria

MSP 218 Proteobacteria

MSP 253 Proteobacteria

MSP 118 Sutterella wadsworthensis
MSP 191 Sutterella wadsworthensis

MSP 306 Duodenibacillus
MSP 300 Dakarella massiliensis

MSP 005 Escherichia coli
MSP 227 Succinatimonas hippei

MSP 332 Desulfovibrio sp. An276

MSP 180 Akkermansia sp. KLE1798
MSP 020 Akkermansia muciniphila

MSP 124 Akkermansia muciniphila

MSP 184 Methanobrevibacter smithii
MSP 288 Methanobrevibacter smithii

MSP 097 Lentisphaerae

Phylum
Firmicutes
Bacteroidetes
Actinobacteria
Proteobacteria
Verrucomicrobia
Euryarchaeota
Lentisphaerae



Figure S8. Fold changes relative to media blank controls in measured phenylalanine metabolism compounds intensity 
for Roseburia inulinivorans DSMZ 16841 as retrieved from the Metabolomics Data Explorer (Han et al. 2021). 
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